The vibration signals measured from the surface of a gearbox are complex, nonlinear and non-stationary. This paper presents a novel test approach for tooth root crack fault diagnosis of a spur gearbox using an embedded piezoelectric accelerometer. This enhances the ability to extract useful fault information and provide early fault detection in gear transmission systems. The proposed method uses two piezoelectric accelerometers embedded symmetrically on the gear body, which effectively shortens the transmission path of the vibration signals stimulated by a gear fault. The proposed approach is tested by analyzing experimental data from a healthy gear system and systems with cracked gear faults. In order to extract the weak fault information from the experimental data, minimum entropy deconvolution (MED) is first used to eliminate noise from the vibration signals, and then the cyclic autocorrelation function is used to extract the frequency components. The results suggest that the proposed approach can effectively detect 2 mm and 4 mm crack faults, while traditional methods can only detect 4 mm crack faults.
Introduction
Gears are vital components in the majority of rotating machines that are used in modern industry. Over time, gears may experience faults such as the cracking and breakage of gear teeth due to internal and external stresses in gear transmission systems. The influences of manufacturing error, assembly error, multi-tooth meshing, and the transmission path cause vibration signals measured from gears to exhibit significant nonlinear and non-stationary characteristics. Moreover, initial gear faults are very weak, and the resulting fault information present in the vibration signal can be easily masked by ambient noise [1] .
Recently, many fault detection methods have been applied to gear transmission system fault diagnosis such as minimum entropy deconvolution (MED) [2] [3] , ensemble empirical mode decomposition (EEMD) [4] [5] [6] , wavelet transforms [7] [8] [9] , spectral kurtosis [10, 11] , and cyclostationary analysis [12, 13] . These methods are often combined together to increase the sensitivity of the fault detection system. Generally, vibration signals are obtained from the surface of the gearbox. An alternative method was presented by Chen Zhi [14] , which used electrical current signals measured from an induction motor for gear fault diagnosis.
Due to the complexity, non-stationary characteristics, and nonlinearity of the vibration signals, early fault features may be too weak to be identified. To address this issue, most researchers have focused on methods of denoising the vibration signal. However, one key factor that affects the strength and fidelity of the vibration signal is the transmission path. The signals from gear tooth pitting or cracking are transmitted through the gear body, the gear shaft, and the bearing to the external sensor fixed on the surface of gearbox. This time varying transmission path causes the fault signals to be attenuated during the transmission process, as well as masked by noise contamination. In order to overcome these problems, W. Smith [15] and Zhiqi Fan [16] used a sensor mounted on the planet carrier to identify planetary gear bearing defects. It was demonstrated that this internal sensor offered superior performance in inner race fault detection when compared to an external sensor.
In this paper, we propose a novel test approach for gear fault diagnosis by using an embedded acceleration sensor fixed on the gear body. The goal of this method is to improve the fault detection sensitivity and effectiveness by shortening the transmission path. Vibration signals from the accelerometer are first processed by MED to eliminate noise, and then by a cyclic autocorrelation function to extract the frequency components of the signal. The fault detection performance of the proposed approach is assessed by measurements on a test gear rig.
The remainder of this paper is organized as follows. Section 2 describes the principles behind the MED algorithm and the cyclic autocorrelation function, and Section 3 presents the experimental setup. The experimental results are presented and discussed in Section 4, and conclusions are drawn in Section 5.
Principles of MED and the cyclic autocorrelation function
As previously mentioned, the tooth crack fault signal may be masked by deterministic gear signals present during gearbox operation, and by random noise. This section will describe the MED algorithm used to remove the noise, and the cyclic autocorrelation function used to extract the crack fault frequency.
Introduction of the MED algorithm
Minimum entropy deconvolution was initially applied by Wiggins to extract reflectivity information from seismic data [17] . It was also applied by Endo and Randall to diagnose faults caused by spalls and cracks in the gear tooth fillet region [18] , and by J. Antoni to detect localized bearing faults [19] .
The fundamental principle of the MED algorithm is to produce an inverse filter and search for the optimum set of filter coefficients that can recover the output signal with the minimum value of entropy. The MED filter is summarized as follows.
The output of inverse filter is given as a convolution by:
where is the length of the filter , is the input signal, and is the output signal. The normalized variance norm of the output signal is given by:
The maximum variance is found in order to attain the optimal filter coefficient by taking the derivative of Eq. (2):
By using ⁄ = − with Eq. (1), Eq. (3) can be expressed as:
By substituting b for the left side of Eq. (4), f for the first terms on right side of Eq. (4), and A for the second terms on right side of the Eq. (4), Eq. (4) can be written in matrix form as:
The column vector b is computed from the cross correlation of the input and output signals ( and ) of the inverse filter . Then, is the Toeplitz autocorrelation matrix of the input signal and is the column vector of the required inverse filter coefficients. Based on this formulation, the optimum inverse filter is found by using an iterative method.
The cyclic autocorrelation function
Cyclic statistics have been used as a tool to exploit cyclostationary signals in fault diagnosis. The vibration signals of the gear transmission system consist of both random and periodic components. Although the vibration signals have nonlinear and non-stationary characteristics, they can be classified as a special kind of cyclostationary signal owning to their periodic statistical properties [12, 20] . The cyclic autocorrelation function analysis is introduced as follows.
For a signal , the autocorrelation function , is defined as:
where is the expected value and is the time lag, or delay. If the autocorrelation function is periodic with a period , and applied to the original signal with the sampling period (⋅⋅⋅, − ,⋅⋅⋅ − 2 , − , , + , + 2 ,⋅⋅⋅, + ,⋅⋅⋅), the sampling results are ergodic. After the sampling average is used to estimate the mean, we obtain:
The Fourier series of the above periodic time-varying autocorrelation function is given as:
where is the cyclic frequency = / , and = …-1, 0, 1,… The Fourier coefficients of the autocorrelation function are defined as the cyclic autocorrelation function, which is given by:
By letting = 2 + 1 , Eq. (9) can be expressed as:
The function is referred to as the cyclic autocorrelation function, and it represents the signal strength at frequency . For a non-stationary signal , all non-zero values of are referred to as cyclic frequencies. The non-zero cyclic frequencies characterize the cyclostationarity of the signal [21].
Comparison of different denoising methods
Wavelet denoising and EEMD are employed to filter the raw vibration signal so their denoising performance can be compared with each other and with MED. In the wavelet denoising process, sym5 is selected as the wavelet basis function and the decomposition level is selected as 3. There are two important parameters in EEMD: the amplitude of the added white noise and the ensemble number. According to experience, the amplitude of the added white noise is roughly 0.2 times the standard deviation of the original signal, and the ensemble number is selected as one hundred. After EEMD denoising, IMF1 is classified as the noise component and removed, and the rest of the IMFs are reconstructed as the filtered signal. In the MED algorithm, two critical parameters need to be defined: the filter length and a suitable termination condition. In this paper, the filter length is set as 300, and the termination condition is set as 0.01 by using trial and error. The above three denoising methods are applied to experimental data from a healthy gear system, and Fig. 1 presents the denoising results. It can be observed that the random noise is significantly reduced using all three methods. The standard deviation is employed to evaluate the denoising results, and a comparison between these three methods is shown in Table 1 . The MED algorithm exhibits the best denoising results as it has the lowest standard deviation. Thus, MED is applied to the vibration signals measured from the sensors in Section 4. 3. Experimental setup
Embedded acceleration sensor
In conventional gear fault diagnosis systems that monitor vibrations, accelerometers are mounted onto the surface of the gearbox as external sensors. However, the weak vibration signals from a gear crack fault are attenuated before reaching the external sensors as they propagate through complex transmission paths. Moreover, the transmission paths from the source of the fault to the external accelerometers are time-varying, which leads to modulation of the fault vibration signals.
In the proposed approach, two accelerometers are symmetrically mounted directly onto the driven gear body to address the issue of a variable transmission path and enable the vibration signals to be received directly. The location of the embedded sensors is illustrated in Fig. 2 . In order to transmit the vibration signals from the embedded sensors during continuous rotation of the shaft, a slip ring fixed to the driven gear shaft is used. This simplifies the construction of the measurement system, and avoids stressing the signal cable during rotation. 
Spur gearbox test setup
The single-stage gearbox test rig used in this study is shown in Fig. 3 , and its loading manner is set up as a closed power flow cycle. The rig is composed of the main test gearbox, the accompanying test gearbox, the torsion bar, etc. Grease lubrication is used in the main test gearbox to avoid immersing the accelerometers in lubricating oil. The speed of the driving shaft is controlled by an adjustable motor. A torque speed sensor is mounted on driving shaft in order to measure the applied torque, the rotational speed, and the power of the test system. Four piezoelectric accelerometers are placed on the outer surface of the gearbox.
The parameters of the one-stage spur gearbox are as follows: the number of teeth on the driving gear and driven gear are 30 and 45 respectively, the module is 4 mm, the pressure angle is 20°, the tooth width is 40 mm, and the gears are made from 45 steel. Every gear shaft is supported by bearings. The gear ratio of the gearbox is 1:1.5, and a torsion bar is used to apply different torque loads during the tests. As a result of the limitation in experimental conditions, the gear crack is manufactured near the tooth root of the driven gear, and the two crack depths of 2 mm and 4 mm are obtained through wire-electrode cutting (see Fig. 4 ). 
Results and discussion
The experiments to test the proposed vibration signal detection method for gear faults were conducted in the previously described gearbox rig. The experiments use driving shaft rotation speeds of 300, 600, 900 and 1200 r/min, and loaded torques of 100, 200, 300 and 400 Nm. The experiments were run on a healthy gear, and on gears with a 2 mm and a 4 mm tooth root crack. For all tests, the vibration signals were collected by both the embedded accelerometers and the external accelerometers.
Given the number of teeth and the driving shaft rotational speed of the gear system (shown in Table 2 ), the equations to calculate the mesh frequencies, harmonics frequency, and modulation frequencies are shown below:
Modulation frequency:
The mesh frequency and its harmonics:
where is the number of teeth and is the rotational speed of the driving gear in the gear system (r/min). 
Analysis of the vibration signals from the embedded accelerometer
As stated previously, the vibration signals from sensors are first filtered by MED to attenuate the noise, and are then further processed by the cyclic autocorrelation function in order to extract the fault frequency components. The frequency-domain signals of the healthy gear system and the cracked gear systems using the embedded sensors are shown in Fig. 5 . It can be observed that for both the healthy gear system and cracked gear systems, the frequency components of the vibration signals include the mesh frequency ( ), its harmonics (2 ), and sideband frequencies. For the healthy gear system (see Fig. 5(a) ), there are two prominent components in the low frequency band: the driving shaft frequency ( = 10 Hz) and the driven shaft frequency ( = 7 Hz). In addition, sideband frequencies with an interval related to and are detected around the mesh frequency and its harmonics. For example, − = 297 Hz, 2 + = 615 Hz. These frequency components are caused by machining and assembly errors, changed in the mesh stiffness, and tooth surface load fluctuations.
For the fault gear systems with crack depths of 2 mm and 4 mm (see Fig. 5(b) and Fig. 5(c) ), the prominent components in the low frequency band are the driven shaft frequency ( ) and its harmonics (2 , 3 ) . The sideband frequency components have an interval of , 2 and 3 , which is different from the healthy gear system in terms of both the mesh frequency and its harmonics. In this case, the frequency interval is only related to the rotational frequency of the driven gear , for example, − 3 , + , 2 − 2 , 2 − , 2 + 3 , and so on. These frequency components are mainly induced by the gear tooth root crack. Fig. 5 shows that the frequency components for a cracked gear system are more complicated than for a healthy gear system. Moreover, it is observed that the amplitude of the vibration signals from the cracked gear system is significantly increased when compared to the healthy gear system. This is clearly shown in Fig. 6 , which plots the amplitudes of the vibration signal mesh frequency and its harmonics from the embedded sensors in both the healthy gear system and cracked gear systems.
Based on the analysis above, it can be seen that the proposed embedded sensor approach can successfully detect both the 2 mm and 4 mm crack faults. 
Analysis of the vibration signals from the external accelerometer
The frequency-domain signals of the healthy gear system and the cracked gear systems using the external sensors on the surface of the gearbox are shown in Fig. 7 .
When comparing Fig. 7 (a) (the healthy gear) with Fig. 7 (b) (the gear with a 2 mm crack fault), we cannot judge whether a crack fault has occurred based on the prominent frequency components. The driven shaft frequency ( ), the sideband frequency components, and their corresponding amplitudes are very similar, as is clearly shown in Fig. 8 which plots these amplitudes. The sidebands frequency components including − , + , 2 − , and 2 + are also very similar. The conclusion is that the gear with a 2mm crack fault cannot be distinguished from a healthy gear by comparing the vibration signals obtained from the external sensors.
However, when comparing Fig. 7(a) with Fig. 7 (c) (the gear with a 4 mm crack fault), we can see that the amplitude of the prominent frequency components has changed significantly (see Fig. 8 ). Additionally, the sidebands frequency components of the gear system with the 4 mm crack fault have an interval of , 2 2 , and 3 2 , which is different from the interval of only in the healthy gear system. Based on the above analyses, we can draw the conclusion that the approach using external sensors can only successfully detect the 4 mm crack fault, but not the 2 mm crack fault.
The same conclusion can be drawn for driving gear rotational speeds of 300, 900 and 1200 r/min; the approach using the embedded sensors can successfully detect both the 2 mm and 4 mm crack faults, while only the 4 mm crack fault can be detected when using the external sensors. 
Conclusions
A novel approach using embedded sensors to enable weak fault diagnosis of gear transmission systems has been introduced and validated in this paper. The accelerometers are mounted on the rotating gear body rather than fixed on the surface of the gearbox. To address the strong nonlinear and non-stationary characteristics of the vibration signal due to interference from the environment and the transmission paths in the gear system, MED and the cyclic autocorrelation function are used to extract the fault feature frequency components from the raw signal.
Experiments were run to compare the vibration signal obtained from external and embedded sensors. The results showed that both 2 mm and 4 mm crack faults can be detected from the vibration signal using the embedded sensors, while only 4 mm crack faults can be detected from the vibration signal using the external sensors. Thus, the embedded sensor technique proposed here can be used to detect smaller faults than traditional methods, which can lead to enhanced early fault detection in gear transmission systems.
